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Abstract
In a series of experiments we compared orientation discrimination performance for Gabor stimuli in which the stimulus profile
was either matched to the receptive field profile of single V1 simple cells (‘simple’), or in which the carrier and envelope
orientations were different (‘tigertails’). In the first Experiment, using small, high spatial frequency, peripheral stimuli to minimise
the number of detectors involved, we found that simple stimuli were more detectable than tigertails of the same contrast energy,
and that orientation discrimination thresholds for simple stimuli were lower than for tigertails of equal detectability. In later
experiments with larger stimuli we measured thresholds for detecting tilts of the envelope with the carrier fixed in orientation.
Envelope thresholds were similar for different carrier orientations, but carrier orientation had a strong biasing effect upon
perceived envelope orientation. When the orientation difference between envelope and carrier was small, the carrier orientation
was attracted to that of the envelope; when the difference was large (\10°) repulsion was found. The biases were reduced by
half-wave rectifying the stimuli, putatively making the envelope visible to a first-order filter (Experiment 2). Discrimination
thresholds for envelope orientation were higher than those for carrier orientation, and this difference was greater for
briefly-presented parafoveal stimuli than for long duration foveal stimuli (Experiments 3 and 4). We conclude from these results
that there are separate mechanisms for envelope and carrier orientation discriminations for large stimuli, but that first- and
second-order mechanisms are not independent in the discrimination of orientation. © 2000 Elsevier Science Ltd. All rights
reserved.
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1. Introduction
Psychophysical and physiological evidence tells us
that there are mechanisms in the visual system tuned to
specific bands of spatial frequency (Campbell & Rob-
son, 1968; De Valois, Albrecht & Thorell, 1982a). The
original conception of these channels was that they
were linear, or at least quasi-linear, despite early evi-
dence for nonlinearity (Burton, 1973; Henning, Hertz &
Broadbent, 1975). More recently, the idea has gained
ground that as well as containing linear filters, the
visual system contains a variety of higher-order mecha-
nisms, which transform the output of firststage linear
filters by non-linear operations such as rectification (cf.
Bock & Goode, 1994). Such filters have been postulated
for the detection of texture boundaries (Malik & Per-
ona, 1990), orientation discrimination (Lin & Wilson,
1996) and ‘second-order’ motion stimuli (Sperling,
Chubb, Solomon & Lu, 1994), amongst others. Lang-
ley, Fleet and Hibbard (1996) argue for a nonlinear
stage of processing following orientation-specific filter-
ing: their evidence is that detection thresholds for a
contrast modulated grating are raised by adaptation to
the carrier frequency and orientation, but relatively
little by adaptation to the modulation frequency and
orientation.
In this paper, we consider the general problem of
how first- and second-order components of contrast-
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modulated patterns interact in the discrimination of
orientation. Consider orientation discrimination of an
oriented Gabor patch (Fig. 1). In the bottom configura-
tion, which is approximately matched to the receptive
field profile of simple cells (Hawken & Parker, 1984;
Geisler & Albrecht, 1997) and which we shall therefore
refer to as ‘simple’, the carrier has the same orientation
as the Gaussian contrast envelope, with which it is
multiplied. In the tigertail version (Fig. 1 top; Morgan
& Tyler, 1995) the carrier is at 90° to the contrast
envelope. The tigertail stimulus has a greater orienta-
tion bandwidth than the simple stimulus, and would
thus be expected to support poorer orientation discrim-
ination, when the stimulus as a whole is tilted left or
right of the vertical. However, to an ideal secondorder
filter that rectified the stimulus before discrimination,
the two stimuli would be indistinguishable, and should
thus support the same levels of orientation discrimina-
tion. We tested orientation discrimination of simple and
tigertail stimuli, using micro-Gabor patterns in periph-
eral vision (4°), with a spatial frequency close to the
resolution limit for that eccentricity (8 cpd). The
purpose of using small, high-frequency stimuli
was to minimize the number of detectors involved in
the task, and to prevent off-frequency looking at
higher spatial frequencies than the carrier. In order
to use stimuli of equal detectability, we first
measured detection thresholds for the simple and tiger-
tail stimuli.
2. General methods
2.1. Apparatus and stimuli
Stimuli were generated by a Cambridge Research
Systems VSG graphics card with 12-bit luminance reso-
lution. The stimuli in Experiment 2 were displayed
either on a Barco Calibrator II colour display (resolu-
tion 575354 pixels; display area 3822 cm; frame-
rate 140 Hz), and in Experiments 1, 3 and 4, on a
Mitsubishi DiamondPro display (resolution 688508;
display area 3822 cm; frame-rate 100 Hz). The
gamma functions of the displays were measured by a
Minolta photometer, and the data were used to con-
struct linear look-up tables. The viewing distance was
114 cm.
2.2. Psychophysics
Contrast detection thresholds were determined by a
two-alternative temporal forced choice method, in
which the observer had to decide in which of two
successive presentations the target was present. The
target was randomly presented in either the first or the
second interval; the other interval contained no target.
Threshold was determined by a staircase procedure in
which the contrast of the stimulus was divided by 1.15
every time the observer made two correct responses in
sequence, and multiplied by 1.15 every time an error
was made. The staircase always started out at a
suprathreshold contrast level for discrimination. Until
the first error was made, the divide parameter was set at
1.25. This staircase converges on the 71% correct detec-
tion point. The threshold determination was terminated
when there had been 20 staircase reversals in direction,
and the mean of the last five values at which reversal
occurred was taken as the threshold. A minimum of
four observations was taken in each condition, and
these independent observations were used to calculate
the mean and 95% confidence intervals.
In Experiment 1, orientation discrimination
thresholds were measured in the same way as for con-
trast detection, with one interval containing a vertical
target and the other a target tilted clockwise from
vertical. The magnitude of the tilt was changed by the
same staircase method as that used for contrast. The
carrier and envelope were always tilted by the same
amount.
In Experiments 2 and 3, envelope orientation dis-
crimination thresholds were measured by the Method
of Single Stimuli (MSS), in which the observer had to
decide whether a single target was tilted clockwise or
anticlockwise. The envelope was tilted and the carrier
remained at a fixed orientation. The tilt of the envelope
was varied from trial to trial by the method of Adaptive
Probit Estimation (APE, Watt & Andrews, 1981) in
Fig. 1. Tigertail (top) and simple (bottom) Gabor stimuli with their
corresponding 2D Fourier amplitude spectra (right). Note that the
simple stimuli have lower spatial frequencies than the tigertails; this
needs to be taken into account when comparing their detectability.
The Tiger tails have a greater orientation bandwidth.
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Table 1
F values from ANOVA of Experiment 1 data
AM orient SB detect SB orientAM detect
Target (T) 51.9 (1, 60)*** 130.6*** 17.38*** 24.43***
3.7** 0.36 ns5.3 (5, 60)*** 0.76 nsNoise (N)
0.35 (5, 60) nsNT 0.8 ns 0.29 ns 0.25 ns
** PB0.01; *** PB0.001. Figures in brackets are degrees of free-
dom AM and SB are two different observers
ity. The stimulus was rotated rigidly: that is, the carrier
and envelope were tilted by the same amount on each
trial. The 8 cpd carrier was in sine phase with respect to
the Gaussian contrast envelope (sx0.0625°, equiva-
lent to one half period of the carrier; sy0. 125°) to
eliminate the dc component. Pilot experiments found
that stimuli with a 1:2 aspect ratio were more detectable
than circular stimuli of the same area and this shape
was selected for the main experiment. The stimuli were
presented briefly (250 ms) at a random position on an
iso-eccentric circle with a radius 4.0° centred on the
fixation point. Because the simple Gabor stimulus con-
tains slightly lower spatial frequencies than the tigertail
(see Fig. 1), we presented a simultaneous masking
stimulus of low-pass noise covering the whole display
screen. The noise was obtained by filtering 1-pixel
binary noise with a circular Gaussian filter having
spatial frequency standard deviation s2.1 cpd. Noise
and target were presented in alternating display frames,
each at a rate of 70 Hz. The contrast of the noise was
scaled to the full luminance range of the display (con-
trast1) or to lower values of 0.8, 0.6, 0.4, 0.2 and 0.
To reduce visible persistence, each stimulusmask pre-
sentation was followed for 500 ms by a broad-band
pattern mask consisting of random grey-level squares
tiling the whole display screen.
The results for detectability are shown in Table 1 and
in Fig. 2. The observers differed in absolute sensitivity
(possibly because the stimuli were nearer to the resolu-
tion limit for SB) but for both there was a significant
difference in detectability between simple and tigertail
stimuli. As noted above, simple stimuli might be more
detectable because they contain slightly lower spatial
frequency components than tigertails, but if this were
the case, low frequency noise would affect them more
order to determine the psychometric function (PMF),
from 0 to 100% clockwise decisions, which was
analysed to produce a measure of sensitivity (the stan-
dard deviation of the PM17) and the point of subjective
equality (the PSE or 50% point on the PMF) which is
a measure of the observer bias, if any. The sensitivity
measure or threshold is the distance between the PSE
and the 82% clockwise point, which is equivalent to a d %
of 1 (Watt & Andrews, 1981). In Experiment 4, carrier
and envelope orientation discrimination thresholds
were compared.
2.3. Obser6ers
The observers in various experiments were the au-
thors (MM, AJSM, SB), various colleagues, and stu-
dents paid at a rate of £5:h.
3. Experiment 1
The aim of the first experiment was to compare
orientation discrimination thresholds for simple micro-
Gabor stimuli and tigertails (Fig. 1) of equal detectabil-
Fig. 2. The two panels show contrast detection thresholds for two observers in Experiment 1. The error bars show 95% confidence intervals.
Simple stimuli were more detectable than tigertails, and this difference was not decreased by increasing the contrast of low-pass Gaussian noise.
The solid lines are fitted by linear regression.
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Fig. 3. The two panels show orientation discrimination thresholds for two observers in Experiment 1. The error bars show 95% confidence
intervals. Thresholds were higher for tigertails than for simple stimuli, and this difference was not decreased by increasing the contrast of the
low-pass Gaussian noise. The solid lines are fitted by linear regression.
adversely. This was not so: the ANOVA showed that
there was no significant interaction between stimulus
type and noise contrast. Increasing noise contrast made
both the simple and the tigertail stimuli less detectable
in the case of observer AJSM, but there was no signifi-
cant effect of noise for observer SB. The fact that the
centre frequency of the stimuli was considerably higher
than the peak of the contrast sensitivity function argues
against the possibility that the simple stimuli were more
detectable because of their higher frequency content
(Fig. 1).
To carry out the orientation discrimination experi-
ment the stimuli were scaled in detectability using the
detection data from the first experiment. The tigertail
stimuli were presented at maximum contrast and the
simple stimuli scaled down appropriately. The results in
Table 1 and Fig. 3 show that observers were less
sensitive to the orientation changes in tigertail stimuli.
Because the stimuli were equalised for detectability this
is unlikely to have been due to any extra low frequency
components in the simple stimuli. Moreover, it is
known that orientation discrimination thresholds in-
crease as the spatial frequency of the carrier decreases
below 1 cpd (Burr & Wijesundra, 1991) and are inde-
pendent of frequency above 2.5 cpd (Heeley &
Buchanan-Smith, 1990).
The data show that tigertails are less detectable than
simple stimuli, and that orientation discrimination
thresholds are higher for tigertails than for simple
stimuli of equal detectability. We suggest that this is
because the simple Gabor stimuli are better matched to
the receptive field profile of V1 simple cells, or other
linear units in the visual cortex. In agreement with
standard masking data (Wilson, McFarlane & Phillips,
1983) these data are inconsistent with detection being
limited by noise in non-oriented filters. They also rule
out higher-order filters able to sum all the available
Fourier energy in the stimulus. Such filters may exist
but they do not set the limit to signal detection. The
data are consistent with the idea that detection and
orientation thresholds are limited by the properties of
oriented, simple V1 cells. It should be noted, however,
that the data do not prove that these detectors are truly
linear. The same results would be expected from half-
wave rectifying simple cells (Hubel & Wiesel, 1959;
Chapman, Zahs & Stryker, 1991; Ferster, Chung &
Wheat, 1996; Morgan & Watt, 1997).
4. Experiment 2
The purpose of Experiment 2 was to determine
thresholds for discriminating envelope orientation of
Gabor stimuli at varying orientations of the carrier. We
also measured the perceived orientation of the envelope
(the orientation bias in the PMF) as a function of
relative orientation of envelope and investigated the
effects of half-wave rectifying the stimuli, in order to
make the patch orientation visible to first-order filters.
Half-wave rectification introduces a DC bias into the
stimulus, which means that it could be detected by a
low spatial-frequency mechanism with a matched-size
receptive field. A brief account of some of the data has
been published previously (Morgan & Baldassi, 1997).
The stimulus arrangement is illustrated in Fig. 4 and
the effect of rotation on the Power spectrum in Fig. 5.
The observer’s task was to decide whether the stimulus
configuration formed an upward or downward pointing
‘V’. This version of an orientation discrimination re-
moves the need for the observer to have an implicit
standard of the vertical. The instructions were to base
the decision on the perceived orientation of the envel-
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ope of the patch, not on the carrier. The right hand
patch was always the mirror image of the left. The top
panel shows the stimuli for the luminance balanced
condition; the bottom panel illustrates a half-wave rec-
tified (HWR) version. In the case illustrated the HWR
stimulus had a negative DC bias; the positive case was
also investigated. The patterns were presented on a
Barco Calibrator II colour display. The spatial fre-
quency of the carrier was 8.0 cyc:deg; the horizontal
and vertical standard deviations of Gaussian envelope,
in units of the carrier wavelength, were 0.8 and 4.8,
respectively (compared to 0.5 and 1.0 for the stimuli in
Experiment 1); the contrast and mean luminance of the
carrier were 0.9 of maximum and 30 cd:m2. A small
white square was provided (not shown) mid-way be-
tween the two patches, on which the observer at-
tempted to maintain fixation. The exposure duration
was 250 ms to discourage scanning eye movements
between the two patches. The separation between the
centres of the two patches was 2.25°.
Thresholds for envelope orientation discrimination
were determined for each of a series of fixed carrier
orientations between 0 and 70°. Separate psychometric
functions were collected in parallel for each of four
randomly-determined carrier orientations, using an
adaptive procedure (Watt & Andrews, 1981). The
PMF’s were analysed separately for biases (shifts in the
P50 point). Four PMF’s were calculated in parallel,
with four different carrier orientations. The four orien-
tations were x°,x°, y° and y°. Over different
blocks x and y were varied to cover a range of orienta-
tions from 0 to 70°. Thus there were as many trials with
the carrier in a given clockwise orientation as in the
mirror image anti-clockwise orientation. The net bias
over trials would thus be expected to be zero: an
important consideration, since observers tend to
equalise their responses if given a binary choice (Restle,
1961). The interleaving of two different absolute orien-
tations also made it hard for the observer to con-
sciously track any biases.
The observers were two of the authors (SB and MM)
and a mixture of volunteer and paid observers (TM,
PS). All observers were tested with both half-wave
rectified and balanced stimuli, with a vertical baseline
envelope orientation. In addition, SB and TM made
observations with the whole stimulus configuration ti-
tled at 45° to the gravitational horizontal, by viewing
the display through a Dove Prism, so that the reference
baseline for the envelope was 45°. The effects of carrier
contrast (0.9 vs. 0.1) with a vertical envelope and
balanced stimuli were measured in one observer (MM).
4.1. Sensiti6ity results ( just-noticeable differences in
en6elope orientation)
Results for four observers (MM, SB, PS and TM) are
shown in Fig. 6. A two-way ANOVA with repeated
measures (observers) showed that thresholds for the
Fig. 4. Stimulus layout used in the experiments. The observer’s task
was to decide whether the two carrier patches made a downwards or
an upwards pointing ‘V’. The instructions were to base the decision
on the perceived orientation of the envelope of the patch, not on the
included carrier. The right hand patch was always the mirror image
of the left. The top panel shows the stimuli for the luminance
balanced condition; the bottom panel illustrates the half-wave rec-
tified (negative) version.
Fig. 5. The figure shows the effects of envelope rotation upon the
power spectrum of Gabor patches. When the envelope and carrier are
roughly aligned (right) tilting the envelope produces changes in both
spatial frequency and orientation content, but mainly in orientation.
When the envelope and carrier are roughly orthogonal (left) the most
prominent changes are in spatial frequency.
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Fig. 6. Threshold (orientation jnd) measurements from Experiment 2. Left panel: means for four observers; right panel: results for MM at two
different contrast levels. Note that thresholds are lower for the half-wave rectified stimuli. For details see the text.
Fig. 7. Shifts in the perceived orientation of the envelope (vertical axis) are shown at different orientations of the carrier (horizontal axis) in four
observers when the reference orientation of the envelope was vertical. The tilt of the envelope was around the vertical. In addition, results are
shown for two observers when the reference orientation for the envelope (i.e. when no cue was applied) was 45°. In all cases the orientation of
the carrier is relative to the reference orientation for the envelope. Note that shifts in perceived orientation are greater for the balanced than for
the half-wave rectified stimulus. For details see text. Carrier contrast was 90% in all cases except where shown as 11% for MM.
half-wave rectified stimuli were significantly lower than
for the balanced stimuli (F(1,54)29.0, PB0.001).
The effect of carrier orientation just reached signifi-
cance (F(8,54)2.179, P0.044), but inspection of
Fig. 6 shows that there was no general trend for
thresholds to increase or decrease as the carrier orienta-
tion was tilted away from the vertical. One observer
(MM) was also tested for the effect of contrast (0.1 vs.
0.9) on thresholds (Fig. 6, lower panel). Thresholds
were higher at the lower contrast.
4.2. Biases in percei6ed en6elo6e orientation
The results (Fig. 7) showed that carriers similar in
orientation to the envelope attracted the perceived ori-
entation of the envelope towards that of the carrier.
Carriers more than 10° away from the envelope in
orientation caused the perceived orientation of the en-
velope to be repelled away from that of the carrier. The
repulsion effect was at its maximum at about 30°
(carrier-envelope orientation) and then declined at
larger orientation differences.
4.3. Discussion
The attraction and repulsion biases are similar to
those described by Tyler and Nakayama (1984) for
stimuli composed of discrete lines, rather than continu-
ous gratings and which they compared to the classical
Fraser and Zollner illusions of orientation respectively.
For carrier orientations (relative to the envelope) of less
than 10° there is a positive bias in the same direction as
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the Fraser ‘twisted cord’ effect. In other words, the
envelope appeared tilted in the same direction as the
carrier. For larger carrier tilts the bias became negative,
reaching a maximum at about 30° and then declining.
The novel finding is that half-wave rectification reduces
the extent of the negative (Zollner) biases. There was
also a reduction of the positive (Fraser) biases with
oblique configurations, but were less clear in the verti-
cal configuration, where the positive biases tended to be
smaller.
Since Tyler and Nakayama used what were effec-
tively half-wave rectified stimuli, one implication of our
finding is that their biases may have been reduced. This
is supported by the lower values of their maximum
positive biases in three observers (0.5, 0.5, 0.5°) and of
their maximum negative biases (1.0, 0.5 2.75°).
In principle, if carrier orientation is fixed, envelope
orientation could be extracted by the population re-
sponse of first-order filters tuned to orientations near or
around the carrier orientation. This is particularly the
case if the carrier and the envelope have closely similar
orientations (see the Fourier transforms in Fig. 5). The
actual orientation bandwidth of macaque simple cells
shows wide variation, with a median half-height band-
width of 921° (De Valois, Yund & Hepler, 1982b).
Thus there will be some neurones at least that will
respond to changes in the envelope at their preferred
orientation even when the carrier is markedly dis-
crepant from that preferred orientation. Thus we can-
not simply show that an envelope discrimination is
possible and conclude from this that we have demon-
strated ‘second-order’ orientation discrimination. The
critical question is what happens when we vary the
relative orientation of envelope and carrier. When they
are orthogonal (Fig. 4b) small tilts of the envelope
produce hardly any change in the orientation content of
the stimuli: the predominant effect is upon spatial
frequency content. The discrimination could still be
performed by the population response of spatial fre-
quency tuned filters, but it seems a priori unlikely that
the same tilt discrimination thresholds will be found as
in the parallel carrier-envelope case, where the cue is
primarily one of orientation (Fig. 5). Therefore, if the
discrimination of envelope tilt is carried out by first-
stage orientation-tuned filters, we would expect a
change in accuracy as the relative orientation of carrier
and envelope is varied. This was exactly the result we
found in Experiment 1. If on the other hand, the
discrimination is carried out by higher-order mecha-
nisms, there is no obvious reason why the relative
orientation of the envelope and the carrier should make
any difference to sensitivity. For example a higher-or-
der filter calculating the envelope of the total contrast
energy from all sources (Morgan & Glennerster, 1991)
would not even require any oriented components within
the envelope. The orientation of an envelope containing
circular Difference-of-Gaussian micropatterns could be
encoded, just as easily as the orientation of a Gabor
patch of carrier.
A problem with this argument is that we did find an
effect of relative carrier envelope orientation discrimi-
nation thresholds in Experiment 1. We conjecture that
the very small size of the stimuli in Experiment 1 made
them invisible to second-order filters, which normally
combine the outputs of first-order units over large areas
of the visual field.
In Experiment 2 we found that discrimination
thresholds were largely invariant with relative carrier:
envelope orientation. We conclude that envelope orien-
tation of the balanced stimuli was probably not en-
coded in the population response of first-stage filters.
The conclusion that envelope orientation is encoded by
higher-order mechanisms is supported by the lower
thresholds obtained with half-wave rectified stimuli.
Half-wave rectification would have made the envelope
directly visible to a coarse-scale first-stage filter, with
putatively higher sensitivity than the higher-order
filters. It will be recalled that Experiment 1 demon-
strated greater orientation discrimination sensitivity for
first-order than for second-order stimuli with the same
envelope size.
The results therefore support the view that envelope
orientation is extracted by a distinct population of
higher-order filters. However, the bias data show that
these filters are not indifferent to the orientation of the
carrier. A model to explain the influence of carrier
orientation upon higher order filters was proposed by
Morgan and Hotopf (1989), in which higher-order col-
lector units receive inputs from a set of collinear first-
order detectors. A horizontally-oriented collector unit,
for example, would receive inputs from first-order de-
tectors that were placed along horizontal meridia in the
image, but which were not necessarily horizontally ori-
ented themselves. The function of such collector units
would be to encode the orientation of long lines in the
image which are made of many components differing in
sign of contrast and local orientation, for example, the
horizon. If such collector units were also influenced by
the orientation of their sub-units, this would cause
mistakes in encoding the orientation of textures.
The computation performed by the collector-unit
model is illustrated in Fig. 8. The case illustrated is for
a vertically oriented (0°) envelope containing a 5° tilted
carrier. The solid line in the first panel (left) shows the
initial distribution of activation of collector units tuned
to different orientations (horizontal axis). The distribu-
tion is Gaussian (s15°) centred on the orientation of
the envelope (0°). If this were the only input to the
bank of collector units, they would encode the orienta-
tion of the envelope veridically. However, there is a
second input to the collector units, arising from first-or-
der units (dotted line). This distribution is a difference-
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of-Gaussians function of orientation, centred on the
carrier orientation:
f(u)exp(u2:2s o2)0.4 exp(u2:2s i2)
where f(u) is the input to the collector unit as a
function of orientation and so2.5°, st30°. The idea
of combining an excitatory and inhibitory input over
the orientation domain follows a previous idea of
Blakemore, Carpenter and Georgeson (1970) and they
too postulated a narrowly tuned excitation with a
broadly tuned inhibitory influence.
The carrier and envelope inputs to the collector unit
are linearly combined and the output is half-wave rec-
tified (left panel). Finally, the centroid of the collector
unit activity profile is calculated, and this is the en-
coded orientation of the envelope. In the case illus-
trated, the centroid is shifted away from the correct
envelope orientation towards the carrier (the Fraser
effect). It is easy to see from the figure how a 20° tilt of
the carrier from the envelope would produce the oppo-
site shift, away from the carrier.
A simulation using the model is shown in Fig. 9. To
obtain the reduced bias in the half-wave rectified stimu-
lus, we assumed that half-wave rectification increased
the relative weight of the first-order input to the collec-
tor units by a factor of 1.5. The major features of the
data are captured. The model provides an economical
description of biases in second-order filters, and plausi-
bly explains the classical Fraser ‘twisted cord’ illusion.
Tyler and Nakayama (1984) conjecture that the nega-
tive biases also explain the Zollner illusion, in which a
series of parallel lines no longer look parallel when they
are overlaid by a Herringbone pattern, similar to the
tilted lines used by Tyler and Nakayama, and to our
half-wave rectified stimuli. However, we urge caution in
making this interpretation. The classical Zollner illusion
is considerably larger when the parallel lines are present
than when they are removed. Like other illusions the
Zollner may have several components. One may be the
biases in second-order filters; the other may be due to
the line intersections in the figure, a model for which
was presented by Morgan and Casco (1990).
The apparent orientation of the grey bars of a con-
trast modulated grating was investigated by McOwan
and Johnston (1996). Theirs is a periodic version of our
tigertail stimulus. However, at low spatial frequencies
of the carrier, they found an attraction of the modula-
tion orientation towards the carrier, even at relative
orientations of 45°: an orientation difference that
causes clear repulsion with the tigertails. We do not
understand the reason for this discrepancy. It may be
relevant that inspection of their Fig. 3 shows clear
bands in the grey bars, presumably produced by simul-
taneous contrast, and these are attracted towards the
carrier. The effect may be analogous to the Cafe´ Wall
illusion (Gregory & Heard, 1979), which can be under-
stood as a Fraser twisted cord, produced by simulta-
neous contrast (Morgan & Moulden, 1986). It would be
interesting to measure the apparent orientation of the
tigertail parts of a periodic contrast-modulated pattern,
as opposed to the grey regions.
5. Experiment 3
In the course of the previous experiment we noticed
that the apparent orientation of a vertical carrier was
affected by the orientation of the envelope, just as the
apparent orientation of the envelope was affected by
the carrier. The purpose of Experiment 3 was to investi-
Fig. 8. The figure illustrates the collector-unit model for orientation
described in the text. The stimulus is a patch with a vertical envelope
orientation and an oblique carrier (see inset). In the left-hand panel
the dotted line represents the response of first-order units (dotted line)
tuned to the carrier orientation and of second-order units tuned to
the orientation of the envelope (solid line). These are summed
(righthand panel) and the centroid (arrow) of the positive half-wave
rectified signal computed to represent the orientation of the tigertail.
For further explanation see the text.
Fig. 9. The figure shows a simulation of the model of envelope
orientation coding described in the text. The model assumes that the
orientation of the envelope is given by the centroid of the population
response of a set of collector units each of which is Gaussian-tuned to
a different orientation of envelope. In addition each unit receives an
input that is a Difference-of-Gaussian weighted function of the
discrepancy between the envelope orientation and the orientation of
the carrier. The relative influence of DOG input is reduced in the
half-wave rectified stimuli. For further details see the text.
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Fig. 10. The figure shows thresholds for discriminating the orienta-
tion of a carrier within a fixed orientation 2:1 aspect ratio contrast
envelope (Experiment 3). Note that thresholds rise as the tilt of the
envelope relative to the reference orientation for the carrier (vertical)
increases. The tilted envelope also caused biases in perceived carrier
orientation (right hand axis and square symbols). The bias was in the
direction of the envelope tilts, i.e. vertical carrier within a CW titled
envelope appear tilted CW For finther explanation see the text.
ACW( ) tilts and net biases were calculated as (CW
biasACW bias):2. The results are shown in Fig. 10.
Only two replications were carried out in each condi-
tion, so error bars are not shown, but the effects of
envelope tilt were highly significant. Thresholds in-
creased with envelope tilt (F(4,12)4.25; P0.022).
An ANOVA of the bias data with direction of tilt (CW
vs ACW) and magnitude of tilt (2, 4, 6, 8, 10) as factors
showed significant effects both of direction (F(1,10)
79.68; P0.000004), and of magnitude (F(4,10)11.1;
P0.001). There was also a significant interaction
between direction and magnitude (F(4,10)4.62; P
0.0225) indicating that the effects of direction increased
with magnitude.
The fact that envelope orientation affects perceived
carrier orientation means that we cannot simply assume
that envelope orientation is a second order discrimina-
tion. Observers could use perceived carrier orientation
as a cue to the envelope orientation, and at least one
observer (MM) found this easy to do. To discourage
the observer from doing this in the main experiment
that follows, we randomly tilted the carrier over trials
in the range 2:2 deg. Observers were told that this
carrier orientation jitter was present and were in-
structed to ignore it when making their judgement of
envelope orientation.
5.2. Thresholds for en6elope orientation discrimination,
with carrier orientation jitter
There were no significant differences between half-
wave rectified dark and half-wave rectified light condi-
tions. The results of these two conditions were therefore
combined. An ANOVA on the combined data, compar-
ing balanced stimuli with halfwave rectified stimuli
showed a significant main effect (F(1,24)20.2, P
0.00015), but no effect of trials (F(5,24)0.92, P
0.48) or of the interaction between trials and stimulus
(F(5,24)1.047, P0.41). The threshold data plotted
in Fig. 11 with 95% error bars confirm the lower
thresholds for half-wave rectified stimuli.
The effect of the envelope on the perceived orienta-
tion of the carrier emphasises the fact that we cannot
simply assume an envelope orientation to be a second-
order cue only. A change in envelope orientation intro-
duces side-bands in the population response of
first-stage filters, which is a source of information and
of bias. To discourage observers from doing this in the
present experiment we jittered the carrier orientation
from trial to trial. The data for SB permit a direct
comparison between carrier and envelope orientation
discrimination thresholds. The best threshold for carrier
discrimination was 0.78°, and for envelope discrimina-
tion (with carrier jitter) it was 2.86°. This factor 3.5
difference is in a similar region to the factor of two
difference reported by Lin and Wilson (1996).
gate this effect further, and to consider the implications
of the finding for the effects of random carrier jitter.
We also compared balanced and half-wave rectified
stimuli, as in Experiment 2. Both polarities of half-wave
rectified stimuli were investigated.
The stimulus was a patch of 4 cpd vertical carrier
multiplied by a Gaussian envelope with a 2:1 aspect
ratio (sx0.2°, sy0.4°) presented for 100 ms in the
centre of the display screen. The observer’s task was to
report the orientation of the envelope (clockwise [CW]
vs anticlockwise [ACW]), which was varied from trial
to trial by the APE procedure to find the standard
deviation of the psychometric function. The orientation
of the carrier was jittered randomly from trial to trial in
the range 92° to prevent the observer from using the
apparent orientation of the carrier as a cue. Indepen-
dent threshold determinations for each of the balanced
and two kinds of HWR stimuli were interleaved until
six6 thresholds had been collected for each stimulus.
5.1. Preliminary results on percei6ed carrier orientation
When we first attempted to measure thresholds for
envelope tilt with the carrier fixed in a vertical orienta-
tion, we noticed that tilts in the envelope caused the
carrier to appear tilted, in the same direction as the
envelope. A similar effect has been noticed by Dakin,
Williams and Hess (1999). We investigated this effect
systematically in one observer (SB) by explicitly mea-
suring orientation discrimination thresholds for the car-
rier, with different tilts of the envelope randomly
interleaved. Different psychometric functions were col-
lected in parallel for each of ten different envelope tilts
(2:2, 4:4 6:6 8:8 10:10).
Thresholds (jnd’s) were averaged across CW( ) and
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Half-wave rectification of the stimulus decreased
thresholds for envelope orientation discrimination, as it
did in Experiment 2. We suggest that this is because
half-wave rectification makes the stimulus visible to a
first-order filter with the same spatial scale as the
envelope. Another possibility that should be considered
is that halfwave rectification removes the bias in per-
ceived carrier orientation, and thus minimises the po-
tential effects of carrier jitter, if the observer fails to
ignore the carrier orientation. Once again, this is hard
to distinguish from our proposal that halfwave
rectification makes the stimulus visible to a set of
first-order filters that can report its orientation more
veridically.
6. Experiment 4
The purpose of Experiment 4 was to compare the
relative precision of envelope vs carrier orientation
discrimination at different retinal eccentricities. The
observers were one of the authors (SB) and two unpaid
naı¨ve volunteers (IB, JP). The stimulus was a Gabor
patch with a vertically-oriented 4 cpd carrier and a
vertically-oriented contrast envelope (s(x)0.05°,
s(y)0.1°) The contrast of the carrier was 0.9 and the
mean luminance of the background was 20 cd:m2. To
investigate the effect of envelope size we also carried
out observations with the envelope at twice the size
(s(x)0.1°, s(y)0.2°). Note that the stimuli had
only a 2:1 aspect ratio, unlike the 6:1 aspect ratio in
Experiment 2. The observer’s task was to decide
whether the stimulus was tilted clockwise or anticlock-
wise from the vertical. In the control condition, the
carrier and envelope were rotated by the same amount.
The magnitude of the tilt was varied over trials by the
APE procedure (see Section 2) to determine the stan-
dard deviation of the psychometric function. To deter-
mine thresholds for the carrier, the envelope was fixed
in a vertical orientation and the carrier was given a tilt
clockwise or anti-clockwise of vertical. To determine
thresholds for the envelope, the carrier was kept fixed
in a vertical orientation and the envelope was given a
clockwise or anti-clockwise tilt.
Preliminary experiments indicated that the envelope
discrimination was particularly difficult at brief expo-
sures and when the stimulus was in peripheral vision.
To investigate this further we compared three presenta-
tion conditions:
1. the stimulus was presented for 100 ms at a 4.0°
eccentricity, randomly to left or right of the fixation
points.
2. The stimulus was presented for 1000 ms at 4.0°
eccentricity, randomly to left or right of the fixation
point. The observer attempted to maintain fixation
so as to keep the stimulus in peripheral vision. The
experimenter verified that fixation was maintained
by direct observation of the subject’s eyes.
3. The stimulus replaced the fixation point when it
appeared and was therefore presented in foveal vi-
sion, for 1000 ms.
The data are plotted in Fig. 12 in threshold units
relative to the threshold when both envelope and car-
rier were tilted together. It will be seen that thresholds
for the carrier alone were similar to those for carrier
plus envelope. However, thresholds for the envelope
were considerably elevated. The rank order of difficulty
in the three conditions for all three observers was: 100
ms periphery\1000 ms periphery\1000 ms foveal.
Note that this result does not trivially mean that the
fovea has better discrimination than the periphery and
that long exposures are better than short, because all
the data were relative to a condition in which both
envelope and carrier were tilted. In other words, the
discrimination of envelope orientation is not only abso-
lutely but also relatively worse in peripheral vision than
in the fovea. To carry out an ANOVA all threshold
elevations were standardised by expressing them rela-
tive to the elevation in the foveal condition, and one
obvious outlier in the 100 ms:periphery condition was
truncated to 5.54, this being the next lowest value. In
the ANOVA of the transformed data, the effect of
display condition was significant at the P0.02 level
(F(2,12)5.4).
Thresholds for carrier alone and carrierenvelope
discriminations were very similar, implying common
mechanisms. Thresholds for envelope orientation dis-
crimination were higher. However, this does not mean
that second-order discriminations are generally more
difficult than first-order (see Section 7).
Fig. 11. Results from Experiment 3 comparing envelope-orientation
discrimination thresholds for balanced and half-wave rectified (dark)
stimuli with random orientation jitter of the carrier. Data are shown
separately for three observers (PC, SB, MM). The error bars are 95%
confidence limits. The lower thresholds for the half-wave rectified
stimuli was confirmed by an ANOVA.
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Fig. 12. The figure compares thresholds for carrier-alone and envel-
ope-alone orientation discrimination under three different conditions.
Thresholds are all expressed relative to the threshold for carrieren-
velope orientation discrimination. In the top panel the stimuli were
presented briefly (100 ms) in peripheral vision. In the middle panel
they were presented for 1000 ms in foveal vision. In the bottom panel
they were presented for 1 s in peripheral vision with the observer
attempting to hold fixation. The data shown are means over three
observers, with 95% confidence intervals (for n3) indicated by error
bars. Data are shown for two sizes of stimuli (normal and double).
For details see the text.
envelope relative to that of the carrier. Orientation
discrimination was less sensitive for tigertail stimuli
than for stimuli matched to the receptive field profile of
oriented simple cells in V1. This would not be the case
if discrimination were limited by ideal higher-order
filters that could combine the Fourier energy over all
orientations and spatial frequencies. The data are ex-
plained if the most sensitive discrimination of orienta-
tion is carried out by first-order, orientation selective
cells (Hubel & Wiesel, 1959).
Do we need higher-order filters as well to account for
orientation discrimination? The mere fact that envelope
orientation discriminations can be performed is not
evidence, since envelope orientation affects the Fourier
content of the stimulus. To show that these changes in
Fourier content are not the relevant cue, they should be
rendered uninformative by masks or jitter. We mea-
sured envelope discrimination thresholds when the
carrier orientation was randomised. Unfortunately, en-
velope orientation affects the perceived orientation of
the carrier, which does little to encourage the idea that
carrier and envelope orientations are encoded by en-
tirely separate Fourier versus non-Fourier mechanisms.
Likewise, perceived envelope orientation is affected by
carrier orientation (Experiment 2). While this can con-
veniently be accounted for inhibitory interactions be-
tween first-stage and second-stage filters, it is not clear
that this is the correct explanation.
Different thresholds for carrier and envelope discrim-
inations with the same stimuli do not necessarily imply
different first- and second-order mechanisms. The dif-
ference may be explained by the spatial scale of first-or-
der mechanisms for the two discriminations since it well
established that orientation acuity improves as spatial
frequency increases (Burr & Wijesundra, 1991). Lin and
Wilson (1996) compared orientation thresholds for lu-
minance modulated versus contrast-modulated gratings
and found a factor of two difference in favour of
luminance modulation. However, the carrier frequency
for the contrast-modulated grating was necessarily
higher than the frequency of the luminance modulation.
This made the stimuli different in detectability. When
they were equated for detectability, the difference in
orientation threshold disappeared in one out of two
observers at a long exposure duration (500 ms), but was
still present at a short duration (33 ms).
Half-wave rectification (HWR) helps the orientation
discrimination of envelopes, and reduces biases arising
from carrier orientation. We suggest that this is because
HWR makes the stimulus visible to a first-order filter at
the same spatial scale as the envelope. This is consistent
with the idea that the balanced and HWR stimuli are
analysed by different first- and second-order mecha-
nisms. However, an alternative is that even the bal-
anced stimulus was weakly visible to a first-order filter
7. General discussion
Experiment 1 showed that orientation discrimination
for Gabor patches is sensitive to the orientation of their
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at the scale of the envelope because the balance was
not perfect, and that HWR made it much more
visible.
A key finding is that thresholds for envelope discrim-
ination are no better when the carrier is approximately
aligned with the envelope than when they are markedly
discrepant. This is true even when the stimuli are of less
than asymptotic contrast for envelope orientation dis-
crimination. The most obvious explanation is that en-
velope orientation is extracted by second-order filters,
which ignore the orientation of the carrier. However,
the bias data (as opposed to the thresholds) show that
judgements of envelope orientation are not independent
of carrier orientation. This last finding suggests that the
outputs of first- and second-order filters are combined
before the judgement of orientation. We have suggested
a model for this combination, in which second-
order filters receive a weighted input from the popula-
tion of first-order filters. The effect of this combination
is to strengthen relative activation from stimuli where
the carrier and envelope are aligned in the same direc-
tion.
The finding that envelope discrimination was particu-
larly poor in the periphery recalls other suggestions that
a variety of shape discriminations are similarly affected.
Claims that phase discrimination is especially poor in
peripheral vision (Rentschler & Treutwein, 1985) have
been questioned (Morrone, Burr & Spinelli, 1989).
However, Hess and Dakin (1997) have recently
shown that contour linking is impaired in peripheral
vision: this finding is particularly relevant since
contour integration is generally thought to involve
second-order combination of filter outputs. Our
subjective experience when performing the task was
that discrimination of envelope orientation
required close attention to the shape of the bars at the
ends of the envelope: if they were higher on the left
than on the right at the top of the envelope, we judged
that the envelope was tilted to the right. Such detail was
difficult if not impossible to see in peripheral vision, but
note that this was not a limitation of resolution
acuity. The passband of the stimulus is set by the
carrier frequency, which was the same in both the
carrier and envelope discriminations. Rather, the prob-
lem seemed to be one of seeing small features in periph-
eral vision, a difficulty recalling the phenomenon of
‘crowding’ (Levi & Klein, 1982; He, Cavanagh &
Intriligator, 1996).
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